ABSTRACT Diamines and polyamines are ubiquitous components of living cells, and apparently are involved in numerous cellular and physiological processes. Certain "uncommon" polyamines have limited distribution in nature and have been associated primarily with organisms adapted to extreme environments, although the precise function of these polyamines in such organisms is unknown. This article summarizes current knowledge regarding the occurrence in higher plants of the uncommon polyamines related to and including norspermidine and norspermine. A putative biosynthetic pathway to account for the occurrences of these uncommon polyamines in higher plants is presented, with a summary of the supporting evidence indicating the existence of the requisite enzymatic activities in alfalfa, Medicago sativa L.
The term "polyamines" is used here as a collective term for the naturally occurring diamines (1,3-diaminopropane, putrescine, cadaverine) triamines (norspermidine, spermidine, aminopropylcadaverine, homospermidine), tetraamines (norspermine, spermine, thermospermine, canavalmine), pentaamines (caldopentamine, homocaldopentamine), and hexaamines (caldohexamine, homocaldohexamine). The aliphatic polyamines putrescine, spermidine, and spermine occur in various complements in all living organisms; these are referred to as the "common" polyamines. All prokaryotic and eukaryotic organisms synthesize putrescine and spermidine. Spermine synthesis, however, is largely confined to nucleated eukaryotic cells, although it has been found in a few thermophilic bacteria (5) . This review summarizes current knowledge regarding the occurrence of select polyamines in plants and microorganisms which are structurally different from the common polyamines, and which are designated as "uncommon" polyamines. dine, aminopropylcadaverine, thermospermine, norspermidine (also called caldine), norspermine (also called thermine), caldopentamine, homocaldopentamine, caldohexamine, and homocaldohexamine. These polyamines were considered to be "uncommon" because they had limited distribution in nature, and many of these compounds lacked the diaminobutyl group characteristic of the common polyamines putrescine, spermidine, and spermine.
One or more of the uncommon polyamines were initially discovered in thermophilic bacteria (11, 13) , then were subsequently found in methanogenic bacteria, Vibrio, Cyanobacteria, Acetobacteria, Rhizobium, Lactobacilli, Rhodopseudomonas viridis, and certain algae (7). Homospermidine was found in some plants (8, cited therein). Norspermidine, norspermine, and the penta-and hexaamines were first discovered in thermophiles (13) . Norspermidine and norspermine were known to occur in Bryophyta (8) , mosses (8) , and some eukaryotic algae (7), but not in higher plants (18) until recently (14) .
Although precise mechanisms of action for the polyamines have been elusive, they are undoubtedly important cellular constituents involved in growth and development. The potential functional roles of the common polyamines in animals, microorganisms, and plants have been reviewed extensively and most recently in this journal (6) . At a mechanistic level, ionic interactions with membranes and macromolecules may account for many of the physiological impacts of the polyamines, and considerable evidence suggests the action of polyamines at the membrane level in plant systems (5, 6, 15) .
The uncommon polyamines have been postulated to serve specific protective roles in both bacteria and plants adapted to extreme environments (5, 12) . In bacterial systems, tetraamines protect membranes against osmotic lysis. The physiochemical characteristics of the polyamines support macromolecular interactions with various modes of complex formation and various formation constants (19) . These interactions are affected kinetically by small changes in the microenvironment. The uncommon, long-chain polyamines are essential in thermophiles for in vitro protein synthesis at elevated temperatures (1 1, 12) . These polyamines are required for activation ofthe ribosomal ternary complex during protein synthesis, and they influence the rate ofchain elongation (10) . The specific complement of uncommon polyamines produced by thermophiles is dependent on the growth tempera-Plant Physiol. Vol. 94, 1990 ture; the higher mol wt compounds are accumulated as the temperature increases (13) .
METABOLIC PATHWAYS FOR PRECURSORS OF THE
UNCOMMON POLYAMINES The metabolism and catabolism of the common polyamines in plants have been reviewed thoroughly (5, 15) . The biosynthesis of the common polyamines is initiated with the formation of putrescine from either Arg or Orn. Putrescine and certain other polyamines accumulate in plants subjected to stress conditions; this rise in putrescine is paralleled by an increase in the activity of ArgDC,4 while Orn decarboxylase appears to remain unaffected (1, 5, 18) . Thus, ArgDC is a central stress-induced enzyme in many plants. ArgDC also is stimulated by phytohormones.
Spermidine is formed from putrescine, and spermine from spermidine, by the repetitive addition of an aminopropyl moiety from dSAM through the action ofAPT (Fig. 1) . dSAM is formed from SAM through the action of SAMdc and this reaction is considered to be the rate-limiting step in polyamine biosynthesis (5 midine APT (earlier called spermine synthase) are assumed to be two different, specific enzymes. However, spermidine APT has not been well characterized from any plant (5) .
An alternate route to spermidine has been identified in Lathyrus, where aspartic fl-semialdehyde is the aminopropyl donor for the formation of the intermediate carboxyspermidine, which is then decarboxylated to spermidine (1) . This alternate route to spermidine is common to a number of bacteria. Other natural uncommon polyamines in higher plants include cadaverine, homospermidine, and canavalmine (1, 18) . Cadaverine is a diamine formed from lysine. Homospermidine is a triamine formed from two molecules of putrescine. Canavalmine is probably the reaction product of putrescine and spermidine. Another natural diamine found in higher plants is 1,3-diaminopropane (Fig. 1) . Although detected in several genera of higher plants, it is most prevalent among the Gramineae (16, 18) . The only confirmed metabolic reaction giving rise to 1,3-diaminopropane is catalyzed by PAO, an enzyme specific for the oxidation of spermidine and/or spermine at their respective secondary nitrogen positions. PAO has virtually no effect on diamines, although diamine oxidase has weak activity with respect to oxidation of spermidine and spermine at their respective primary nitrogen positions. PAO has been characterized in numerous cereals and another monocot outside of the Gramineae (16, 20) , but had not been confirmed in any dicot plant until recently (2, 9). 1,3-Diaminopropane is one of few known in vivo inhibitors of ethylene biosynthesis (17) .
A NOVEL BIOSYNTHETIC PATHWAY IN PLANTS FOR UNCOMMON POLYAMINES
None of the uncommon polyamines comprised entirely of repeating aminopropyl moieties, such as norspermidine, norspermine and caldopentamine, was reported to occur in higher plants until our recent studies on drought-tolerant alfalfa, Medicago sativa L. (14) , heat-tolerant cotton, Gossypium hirsutum L., and Gossypium barbadense L. (9) . Drought-tolerant genotypes of alfalfa exposed to water-deficit conditions accumulate significant amounts of norspermidine and especially norspermine in shoot meristematic tissues and in cell cultures of these alfalfa lines under polyethylene glycol simulated water-deficit stress (9) . Pollen and cell cultures of heat-tolerant genotypes ofcotton exposed to high temperature accumulate norspermidine, norspermine and especially a compound tentatively identified as caldopentamine (9) .
These uncommon polyamines were originally discovered in extreme thermophilic bacteria (1 1, 13) . DeRosa et al. (4) , described a biosynthetic pathway in thermophilic bacteria to account for their occurrence, which we have adapted and here propose as a working model for their biosyntheses in higher plants (Fig. 1) . In this proposed pathway, 1,3-diaminopropane is derived by the action of PAO and serves as the substrate for successive, repetitious reactions that add an aminopropyl group donated from dSAM to form norspermidine, norspermine and caldopentamine. It is not known whether these reactions are catalyzed by independent APT enzymes, each specific for a unique substrate, or alternatively, by a single APT enzyme with broad specificity to transfer an aminopro-UNCOMMON POLYAMINES IN HIGHER PLANTS pyl group from dSAM to each polyamine precursor. A preliminary report of the isolation of a single APT with broad specificity from an acidothermophilic bacterium that converts 1,3-diaminopropane to caldopentamine in the presence of dSAM (3), suggests that a single enzyme could also catalyze these reactions in plants.
PAO activity was detected in alfalfa shoot meristematic tissues and cell cultures by the conversion of radiolabel from spermidine to 1,3-diaminopropane, and by the colorimetric assay of pyrroline released as a product of the PAO reaction (2, 9) . This PAO was distinguished from diamine oxidase (2, 9) by its insensitivity to cupric ion chelators and its potent inhibition by guazatine and 2-hydroxyethylhydrazine using in vitro assays (16) . Thus, PAO is the likely source of 1,3-diaminopropane for the biosynthesis of the uncommon polyamines in alfalfa.
An APT activity was also detected in alfalfa shoot meristematic tissues and cell cultures that converts 1,3-diaminopropane to norspermidine, and norspermidine to norspermine, in the presence of dSAM (2, 9) . The same extracts also contained APT activity capable of converting putrescine to spermidine, and spermidine to spermine. However, it is not clear whether a single enzyme or multiple enzymes performed these functions. Interestingly, each APT reaction identified in these extracts was inhibited similarly by cyclohexylammoniun sulfate (2, 9) , an inhibitor considered to be specific against putrescine APT (5). Thus, the requisite enzymes for biosynthesis of the uncommon polyamines norspermidine and norspermine, as proposed in Figure 1 , appear to be present in alfalfa. These same enzymatic activities also could account for the presence of these uncommon polyamines as well as caldopentamine in cotton.
Drought-tolerant alfalfa plants and cell cultures challenged with water-deficit stress exhibited a one-to five-fold stimulation of PAO and APT activities (2, 9) . The capacity to induce PAO in cell cultures was restricted to cells derived from plants preselected at the plant level for drought tolerance. This property links the capacity of these alfalfa strains to provide the precursor for uncommon polyamine biosynthesis, 1,3-diaminopropane, with the broader trait of drought tolerance. Although the evidence to date is suggestive rather than conclusive, and correlative rather than mechanistic, the biosynthesis of these uncommon polyamines appears to be related to stress responses in stress-tolerant plants. A full accounting of the functional roles of polyamines in plants must also take into consideration these uncommon polyamines.
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